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a flat frequency characteristic and its level approximately 
gives the phase noise level, S,, (0). Thus, we can estimate 
the magnitude of fibre-nonlinearity-induced phase noise by 
measuring the tlat component level; note that the 3dB line- 
width does not allow the phase noise to be quantified. As 
Po, , increases, the broadband component predominates in 
the field spectrum while the initial carrier-like component 
decreases. If P,. , % 1, the bandwidth of the broadband com- 
ponent increases linearly with Po, RL (see eqn. 9), and becomes 
much wider than that of the ASE noise. 
Eflect on transmission sysrems: Carrier spectral deformation 
due to the fibre-nonlinearity-induced phase noise results in 
signal power degradation when the signal passes through a 
filter in a receiver. A coherent detection system, which uses an 
electrical filter in its intermediate-frequency (IF) stage, suffers 
from this power degradation, as well as signal decision error 
due to phase fluctuation [3]. Even a direct-detection system, 
which uses an optical filter to reduce spontaneous- 
spontaneous beat noise, is affected by the phase noise, though 
it is generally recognised to be insensitive to phase. 
Fig. 2 shows the signal power degradation, which is defined 
as the ratio of the filter output signal power to the input 
power, as a function of the phase noise power, Po. NL. In this 
calculation, the ASE noise bandwidth Aw,,, is 125GHz. 
Filters are assumed to have Lorentzian (1st Butterworth) 
characteristics. The IF filter bandwidth is SGHz for a 
2.5 Gbit/s heterodyne receiver, and the optical filter band- 
width is 125 GHz or 375 GHz for a direct detection receiver. 
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Fig. 2 Signal power degradation against phase noise power 
In coherent detection systems, a Po. NL value of 0.25 results 
in a 1 dB degradation in signal power. This phase noise level 
corresponds to a phase error variance (phase noise power in 
the signal band) of 0.01. In DPSK systems, this variance yields 
an error rate of Thus, the signal power degradation is as 
significant as the signal decision error due to phase fluctua- 
tion. In direct-detection systems, P,. NL values of 0.54 and 1.4 
give rise to a 1 dB power degradation for optical filter band- 
widths of 125 and 375GHz, respectively. Although less 
affected by the power degradation than coherent detection, 
the performance of a direct detection system should be esti- 
mated while taking the degradation into account. This degra- 
dation can become one of the factors limiting the transmission 
length of systems employing optical amplifiers to compensate 
for fibre losses because the phase noise rapidly increases with 
the number of amplifiers [3]. We can estimate the allowable 
length of such systems by considering that the resulting field 
spectrum is affected by the optical filters located in the ampli- 
fiers. 
Conclusions: An approximate analytical expression was pre- 
sented for the spectral lineshape of the optical carrier wave 
corrupted by fibre-nonlinearity-induced phase noise. It was 
shown that the phase noise causes lineshape deformation with 
both tails significantly enhanced over hundreds of gigahertz. 
This deformation d e c t s  the performance of both coherent 
and direct detection systems because the signal power 
degrades significantly when the signal passes through the 
receiver’s filter. 
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The state filling effect in miconductor quantum well lasers 
significantly affects the modulation dynamics. The state 
filling effect strongly depends on the optical confining layer 
structure. As a direct consequence of the reduction of the 
state filling effect in a properly designed graded index 
separate confinement heterostructure, a record 3dB band- 
width in excess of 9GHz has been obtained in uniformly 
pumped single quantum well GaAs/AlGaAs lasers by a 
carelul tailoring of the device parameters. 
The state filling effect has been proposed as a major source [l, 
23 responsible for the degradation of the modulation band- 
width of quantum well (QW) lasers compared to the expected 
value previously calculated [3, 41. In the previous gain calcu- 
lations, only the carrier population in the q u a n t i 4  energy 
states of the QW was considered. The carrier population in 
the energy states in the separate confinement heterostructure 
(SCH) were omitted. It was this omission which causes an 
overestimation of the differential gain enhancement in the QW 
structure. An incorporation of the carrier population in the 
optical confining region into the gain evaluation results in a 
substantial reduction of the differential gain in QW lasers [2]. 
The state filling effect is, in principle, inherent in any QW 
structure due to the Fermi distribution of the injected carriers. 
Other mechanisms have also been proposed to explain the 
variation of high speed performance of QW lasers which are 
associated with an injected carrier transport process [ 5 ]  and 
well barrier hole burning [6]. The theoretical analysis 
accounting for the state filling effect indicates that the differen- 
tial gain depends strongly on the optical confining structure of 
the SCH QW structure. By proper design of the SCH configu- 
ration, the degraded differential gain can be restored to a 
certain extent. For a different SCH structure, it has been 
shown experimentally that the differential gain can vary by a 
factor of 3 [7]. In this paper, we report the high speed modu- 
lation performance of a new design of the SCH structure [A, 
which results in a record modulation bandwidth of 9GHz for 
single quantum well (SQW) GaAs/AIGaAs lasers. 
The new design of the graded index separate confinement 
heterostructure (GRINSCH) employs, as shown in Fig. 1, an 
AI mole fraction from x = 0.3 to 0.5 instead of the commonly 
used value of x = 0.2 to 0.5 [S, 91. As a result, the energy 
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difference between the first quanti& state in the well and the 
lowest energy state in the GRINSCH region increases. This 
results in a differential gain increase due to the reduction of 
the state filling effect [2]. The fabrication of the SQW device 
involves a two step crystal growth. In the first step, a 
GRINSCH SQW GaAs/AlGaAs laser structure was grown on 
an n-GaAs substrate by a molecular beam epitaxy technique. 
The width of the GaAs SQW is lOOA which is sandwiched 
between a pair of GRINSCH layers. The thickness of the 
GRINSCH layer is 2000 A. The broad area lasers showed a 
threshold current density of 320A/cm2 at a cavity length of 
9OOpm. In the second step, a buried heterostructure (BH) was 
regrown by a liquid phase epitaxy technique. The width of the 
active stripe was 4pm. The wafer was processed into BH 
lasers (as schematically shown in Fig. 1) by a standard fabrica- 
tion technique and mounted junction up on high speed 
mounts for direct current modulation. To reduce the parasitic 
capacitance a narrow mesa of 8-10pm was etched into the 
wafer around the active stripe. 
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Fig. 1 Schematic structure of GaAslAIGaAs single quantum well buried 
heterostructure lasers 
Owing to the presence of the damping we cannot increase 
the modulation bandwidth unlimitedly by only increasing the 
photon density within the laser cavity. For a laser with given 
device parameters, there exists a maximum modulation band- 
width at a certain photon density [lo]. Both th is  maximum 
modulation bandwidth and corresponding photon density 
depend on the laser device parameters. The restoration of a 
higher value of differential gain in the present designed SQW 
lasers gives the potential of an improved high speed per- 
formance. To actually achieve higher speed, a careful tailoring 
of the laser device parameters such as cavity length and 
mirror reflectivities is required. 
For a laser with cavity length L = 3OOp and cleaved 
mirrors (i.e. R ,  = R ,  = 0.3), a maximum modulation band- 
width of 5.6GHz is obtained. The threshold current of this 
laser is lOmA and the lasing wavelength is -0.85pm. For an 
uncoated 1 5 O p  long laser with threshold current of 16mA, 
the maximum modulation bandwidth was -6.2GHz. 
However, when the reflectivity of one mirror was increased to 
0.7 by a dielectric coating, a maximum modulation bandwidth 
in excess of 9GHz was demonstrated as shown in Fig. 2. A 
further increase of the mirror reflectivity to 0.9 resulted in a 
decrease of the maximum modulation bandwidth to 
-7.5 GHz. It is therefore concluded that for the GaAs SQW 
laser a cavity length of 15Opm with mirror reflectivities of 0.3 
and 0.7 is a good (if not the best) combination for high speed 
operation. The maximum modulation bandwidth against 
threshold current for the SQW lasers is plotted in Fig. 3 to 
show the device parameter optimisation procedure. 
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Fig. 2 Modulation response of GaAslAIGaAs SQW BH laser with 
cavity length of I50p1n and facet re$ectiuities R ,  = 0.3, R, = 0.7 
In conclusion, as a direct consequence of the reduction of 
the state tilling effect in a specially designed graded index 
separate confinement heterostructure, a record 3 dB band- 
width in excess of 9GHz has been obtained in uniformly 
pumped single quantum well GaAs/AlGaAs lasers by a careful 
tailoring of the device parameters. The idea can now be 
extended to other structures and material systems, such as 
MQW and strained layer QW lasers. 
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Fig. 3 Maximum modulation bandwidth and threshold current for differ- 
ent lasers 
L = Mom R I  = R, = 0.3 
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The internal quantum &ciency of laser diodes is determined 
from a consideration of current Bow at threshold, and the 
corresponding quasi-Fermi level separation is used to evalu- 
ate the magnitude of all current components. The internal 
quantum efliciency is shown to be a strong function of tem- 
perature and cavity length. The results for single, multiple 
and strained quantum weU structures are compared. 
Internal quantum efficiency is one of the key parameters 
describing the operating characteristics of laser diodes. It has 
typically been considered a property of the grown material as 
opposed to a parameter associated with a particular device. 
This is evidenced in the experimental determination of the 
quantum efficiency from measures of external efficiency 
against laser cavity length. In general it represents the fraction 
of injected carriers that m m b i n e  radiatively and produce 
photons [l]. Although acknowledged to be a somewhat 
imprecise concept [2] it has been formulated as the ratio of 
radiative transitions to all transitions and expressed as [l] 
En2 + R ,  N ,  
Awn + En2 + Cn’ + R , N f i  q .  ’
where n is the electron concentration, A, is the nonradiative 
coefficient, En2 represents spontaneous recombination, Cn3 is 
due to Auger recombination, R,  is the net stimulated emission 
rate, and N, is the intracavity photon density. This derivation 
of the quantum efficiency is not immediately useful in deter- 
mining the value of qi. Furthermore it is not immediately 
apparent how device parameters can influence the value of vi. 
In this Letter the internal quantum efficiency of the laser 
diode is derived from the current continuity equation. The 
current continuity equation is written as 
J = J R L  + J N R  i- J D I F F  (1) 
where J, ,  is the current due to radiative recombination (with 
spontaneous J s p  and stimulated J,,  contributions), J,,  is the 
nonradiative recombination comprising the recombination in 
the active region J,,, and the recombination in the depletion 
regions of the diode J,,,, and JDrFF is the diffusion current 
flowing in the n and p neutral regions. These current com- 
ponents are illustrated in Fig. 1. The internal quantum efli- 
ciency is, in actuality, the confinement factor for electrical 
carriers and may be dehed  as the ratio of the total recombi- 
nation current in the active region to the total current: 
(2) J N R l  + J R L  q .  = ’ 
J N R i  + J N R z  + J n L  + J I F F  
Because qi is determined by the ability of carriers to scatter 
into the active area it should be constant, independent of the 
injection level. Therefore its value can be determined by con- 
ditions at threshold because then J,,  reduces to J,,,, the 
spontaneous contribution. Furthermore it has been shown [31 
that all of the various current components at threshold may 
be expressed in terms of the quasi-Fermi levels. In addition 
the diode voltage can be expressed in terms of the quasi-Fermi 
level separation. Knowledge of the junction voltage uniquely 
determines the value of the diffusion and nonradiative recom- 
bination currents. Hence at threshold, eqn. 2 is expressed as 
(3) J N R I T  + JSPT q .  = ’ 
J N R i T  + J N R z T  + JDIFFT + J s P T  
where each component is uniquely specified by the quasi- 
Fermi level at threshold obtained by using the stimulated life- 
time approach to laser operation [3]. Above threshold the 
diffusion JDIFF and recombination outside the active area, 
JNn2,  continue to increase because they are supplied by the 
component ( J  - JTHKl - q,). This relation can be used to 
determine the voltage as a function of optical power [4]. 
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Fis 1 Energy band diagram and current components of laser diode 
under bias 
Using this formulation of the internal quantum eficiency it 
is possible to determine the variation in qi with length. As the 
length of the laser is decreased the laser loss is increased and 
the Fermi level in the active region increases such that the 
diode voltage at threshold increases. This has the effect of 
increasing the relative sizes of the components J,,, and JDIFF 
resulting in a reduced value of 9,. Fig. 2 shows the internal 
quantum efficiency against cavity length as obtained by calcu- 
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Fig. 2 Variation of internal e&imcy q, with cavity length for SQW 
GaAsIAlGaAs laser, (with r = 0.03, L, = J W d ,  40% A1 in waveguide 
layers), MQW GaAsIAlGaAs laser (3 wells, r = 0.09, and L, = JW 4) 
and strained SQW InGaAslAlGaAs laser with r = 0.024, L, = 80 A, 
20% lnall at T = 3WK 
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